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Abstract 

Background: The in-depth understanding of the enzynnatic hydrolysis of cellulose with heterogeneous nnorphology 
(that is, crystalline versus amorphous) may help develop better cellulase cocktail mixtures and biomass pretreatment, 
wherein cost-effective release of soluble sugars from solid cellulosic materials remains the largest obstacle to the 
economic viability of second generation biorefineries. 

Results: In addition to the previously developed non-hydrolytic fusion protein, GC3, containing a green fluorescent 
protein (GFP) and a family 3 carbohydrate-binding module (CBMB) that can bind both surfaces of amorphous and 
crystalline celluloses, we developed a new protein probe, CC17, which contained a mono-cherry fluorescent protein 
(CFP) and a family 17 carbohydrate-binding module (CBM17) that can bind only amorphous cellulose surfaces. Via these 
two probes, the surface accessibilities of amorphous and crystalline celluloses were determined quantitatively. Our 
results for the enzymatic hydrolysis of microcrystalline cellulose (Avicel) suggested that: 1) easily accessible amorphous 
cellulose on the surface of Avicel is preferentially hydrolyzed at the very early period of hydrolysis (that is, several 
minutes with a cellulose conversion of 2.8%); 2) further hydrolysis of Avicel is a typical layer-by-layer mechanism, that is, 
amorphous and crystalline cellulose regions were hydrolyzed simultaneously; and 3) most amorphous cellulose within 
the interior of the Avicel particles cannot be accessed by cellulase. 

Conclusions: The crystallinity index (CrI), reflecting a mass-average (three-dimensional) cellulose characteristic, did not 
represent the key substrate surface (two-dimensional) characteristic related to enzymatic hydrolysis. 

Keywords: Amorphous cellulose. Enzymatic hydrolysis of heterogeneous cellulose. Carbohydrate-binding module. 
Crystalline cellulose. Mono-cherry fluorescent protein 



Introduction 

Cellulose, the primary component of plant cell walls, is the 
most abundant renewable biopolymer on earth. The bio- 
degradation of cellulose is essential to the complete carbon 
cycle and will be vital to next generation biorefineries that 
will produce biofuels, value-added biochemical, and even 
food [1]. Enzymatic hydrolysis of this heterogeneous cellu- 
lose is a complicated biological process requiring synergetic 
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actions among endoglucanase, exoglucanase, and |3- 
glucosidase [2], An in-depth understanding of enzymatic 
cellulose hydrolysis mechanisms related to cellulose char- 
acteristics could help develop more effective biomass pre- 
treatment methods, more active cellulase, and more easily 
degraded genetically-modified plants. These impacts would 
further enable the cost-effective release of fermentative sol- 
uble sugars from non-food biomass [3] . 

Numerous biomass substrate characteristics are believed 
to influence the enzymatic hydrolysis rate and digest- 
ibility, such as substrate accessibility, crystallinity, degree 
of polymerization (DP), particle size, pore volume, lignin 
content, and so on [4-6]. Most times, cellulose accessibility 



© 2014 Gao et al.; licensee BioMed Central Ltd. This is an Open Access article distributed under the terms of the Creative 
Commons Attribution License (http://creativecommons.Org/licenses/by/2.0), which permits unrestricted use, distribution, and 
reproduction in any medium, provided the original work is properly credited. The Creative Commons Public Domain 
Dedication waiver (http://creativecommons.0rg/publicdomain/zero/l.O/) applies to the data made available in this article, 
unless otherwise stated. 



Gao et at. Biotechnology for Biofuels 2014, 7:24 
http://www.biotechnologyforbiofuels.conn/content/7/1/24 



Page 2 of 10 



including external and internal areas is closely associated 
with several other substrate characteristics, such as particle 
size, pore volume, and crystallinity [7]. Cellulose accessibil- 
ity can be measured by numerous technologies, such as ni- 
trogen adsorption-based Brunauer-Emmett- Teller, water 
vapor sorption, alkali swelling, an exchange of H to D 
atoms with D2O, size exclusion chromatography, small 
angle X-ray scattering, microscopy, Simon dyes, active 
cellulase adsorption, and a family 3 carbohydrate-binding 
module (CBM3) -containing fluorescent protein [7-9]. It is 
important to note that the dried cellulosic samples have a 
completely different supramolecular structure and sub- 
strate reactivity from hydrated cellulosic samples [7,10]; 
additionally, many experiments use cellulose-surface prob- 
ing molecules (for example, dinitrogen, D2O) that are small 
relative to the enzymes and a true probe should have simi- 
lar size to cellulases. Several fusion proteins containing a 
fluorescent protein and a carbohydrate-binding module 
(CRM) have been used to qualitatively visualize the 
polysaccharide recognition on cellulose [11,12] but not 
quantitatively. Specifically, a quantitative measurement for 
determining cellulose accessibility to ceUulase (CAC) was 
established by using a non-hydrolytic fusion protein con- 
taining a green fluorescent protein (GFP) and CBM3, 
which was cloned from the cipA gene in Clostridium 
thermocellum, called GC3 [8]. Via this technology, it 
was found that increasing CAC was strongly related to 
enhanced cellulose digestibility according to both experi- 
mental data [6,7] and prediction from the functionally- 
based kinetic models [13,14]. However, GC3 can bind both 
surfaces of amorphous cellulose and crystalline cellulose 
fragments, but its binding cannot distinguish the heteroge- 
neous surfaces of cellulosic materials. 

A CBM is a polypeptide module found in carbohydrate- 
active enzymes that can specifically bind to different car- 
bohydrates. CRMs have been classified into 68 different 
famflies based on amino acid sequences and molecular 
structures (http://www.cazy.org/Carbohydrate-Binding- 
Modules.html). Based on the three-dimensional struc- 
ture and functional simflarity, CBMs are classified into 
three types: surface binding (type A); glycan chain bind- 
ing (type B); and smaU sugar binding (type C) [15]. 
CBM3, belonging to type A, can bind both surfaces of 
crystalline and amorphous celluloses [8,12]. CBM17 is a 
family 17 carbohydrate-binding module, belonging to 
type B [16,17]. This module contains clefts that accom- 
modate single polysaccharide chains that are associated 
with amorphous cellulose areas [16,18,19]. Therefore, it 
can specifically bind to the surface of amorphous cellu- 
lose but not to that of crystalline cellulose [16,17]. 

MicrocrystaUine cellulose (Avicel) is a typical model 
cellulosic substrate for the study of enzymatic cellulose 
hydrolysis [14,20]. Although it is made through acid hy- 
drolysis that can remove most amorphous cellulose and 



all hemicellulose, Avicel is a morphologically heteroge- 
neous solid substrate containing amorphous ceUulose 
and crystalline ceUulose regions [10,20]. Enzymatic hy- 
drolysis of Avicel or other heterogeneous ceUulosic ma- 
terials, mediated by the non-complexed enzyme mixture, 
is a peeling or layer-by-layer process [21-23]. The new 
ends of cellulose chains that are cleaved by endogluca- 
nase can only be hydrolyzed by the adsorbed exogluca- 
nase after the endoglucanase moves away from the local 
area [21,24]. Traditionally, it was hypothesized that the 
amorphous ceUulose regions in heterogeneous Avicel 
were hydrolyzed prior to the hydrolysis of crystaUine cellu- 
lose [2]. However, the sHght changes or even no changes 
in crystallinity index (CrI) values during the hydrolysis 
process cannot justify the severalfold reduction in the hy- 
drolysis rate for the whole hydrolysis process [8,25-28]. 

To understand the in-depth mechanism of enzymatic 
hydrolysis of the heterogeneous cellulose morphology of 
Avicel and test the widely believed hypothesis that 
amorphous cellulose regions of Avicel are hydrolyzed prior 
to crystaUine ceUulose, we designed a new non-hydrolytic 
fusion protein, called CC17. This new probe contains a 
mono-cherry (mCherry) fluorescent protein and CBM17, 
which can specifically bind to the surface of amorphous 
cellulose, but not to that of crystaUine ceUulose [18]. The 
adsorption of both fusion proteins containing a CBM and 
a fluorescent protein can be quantitatively measured based 
on its fluorescent signal with very high sensitivity com- 
pared to other protein assays, such as UV adsorption and 
Bradford protein assay. By applying this tool, we quantita- 
tively studied the changes of accessibilities of amorphous 
ceUulose and crystalline cellulose regions during the en- 
zymatic hydrolysis of Avicel. 

Results and discussion 

CC17 production and purification 

Because CBM17 can specifically bind amorphous cellulose, 
a recombinant fusion protein CC17 was designed to con- 
tain a mono-cherry fluorescent protein (CFP) linked with 
a CBM17 to monitor adsorption with high sensitivity. The 
recombinant CC17 was expressed in Escherichia coli BL21 
(DE3) harboring plasmid (Figure IB). Its molecular weight 
(52.1 kD) is similar to the size of most cellulases. Another 
recombinant GC3 (62.9 kD) containing thioredoxin, a 
GFP, and a CBM3 was used to determine the total cellu- 
lose accessibility to cellulase (TCAC) [8]. Both of the re- 
combinant proteins, CC17 and GC3, were expressed very 
weU in E. coli BL21 (DE3) strains. The purified proteins of 
CC17 and GC3 were examined to confirm whether they 
were homogenous by SDS-PAGE (Figure 2 A). The purified 
CC17 protein exhibited two bands, one with an expected 
size and one with a smaUer size, under a typical SDS- 
PAGE condition (Figure 2A), leading to a speculation of 
possible degradation of CC17 during its expression and 
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Figure 1 Plasmid maps, schemes, and molecular structures. (A) GC3 and (B) CC17. CC17, mono-cherry fluorescent protein linked to a family 
17 carbohydrate-binding module; GC3, green fluorescent protein linked to a family 3 carbohydrate-binding module. 



purification. After a series of diagnostic experiments that 
involved changing the linkers amino acid composition 
(data not shown), two bands of CC17 in typical SDS- 
PAGE were attributed to the incomplete denaturation of 
CC17, resulting in two forms of CC17 that had different 
movement rates in SDS-PAGE. By increasing the SDS 
concentration tenfold in the protein denaturation buffer, 
CC17 exhibited a single band and its molecular weight 
was approximately 54 kD, similar to the predicted one 
based on its deduced amino acid sequence (Figure 2B). 

Quantitative determination of cellulose accessibility to 
cellulase (CAC) 

The previous study of GC3 adsorption on bacterial 
microcrystalline cellulose (BMCC) suggested that one 
molecule of GC3 occupied 21.2 cellobiose lattices on the 
110 face of crystalline cellulose, revealing the alpha value 
of 21.2 for GC3 [8]. Note, although the exact binding 
site of a CBM3 is much smaller than 21.2 cellobiose lat- 
tices [29], the whole GC3 occupies more space due to 
the crowding effect for the large-sized adsorbed fluores- 
cent protein on the surface of cellulose. As a result, the 



cross-sectional area of GC3 (Figure lA) is significantly 
larger than that of 21.2 x 0.53 x 1.04 nm. Because GFP is 
a dimer protein, it was thought that the adsorbed GC3 
formed a dimer on the surface of BMCC, resulting in an 
underestimated alpha value by twofold. Therefore, in 
reality, one GC3 monomer was thought to occupy 42.4 
cellobiose lattices. Surprisingly, Levine and his co-workers 
used the revised alpha value of 42 in their mechanistic 
model without any explanation [30]. 

To quantitatively determine the beta value for CC17 
on amorphous cellulose (that is, the number of cellobi- 
ose lattices that was occupied by one molecule of CC17), 
we measured the TCAC based on regenerated amorph- 
ous cellulose (RAC), which was made by the dissolution 
in ice-cooled concentrated phosphoric acid followed by 
water precipitation. The CrI of freeze-dried RAC was 
zero, suggesting that there was no crystalline cellulose 
after cellulose dissolution and regeneration [10]. The ad- 
sorptions of both CC17 and GC3 followed the Langmuir 
equations (Figure 3A). The maximum protein adsorption 
capacities were 8.64 ±0.15 (imol of GC3 and 11.28 ± 
0.26 (imol of CC17 per gram of RAC, respectively 
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Figure 2 SDS-PAGE analysis. (A) Purified GC3 and CC17 in a 


typical denaturation buffer. (B) Purified CC17 in a modified PAGE, 


wliere SDS concentration was increased to 1% in gel and 0.3% in 


the running buffer. CC17, mono-cherry fluorescent protein linked to 


a 


family 17 carbohydrate-binding module; GC3, green fluorescent 


protein linked to a family 3 carbohydrate-binding module. 





(Table 1). Therefore, the total cellulose accessibility of 
RAC was 120.4 ± 2.1 m^/g RAC (see Equation 1 in the 
Methods section); this value related physically to one mol- 
ecule of CC17 occupying 32.3 cellobiose lattices because 
the total accessibility of RAC can be bound by CC17. This 
beta value for CC17 was reasonable, compared to the 
alpha value for GC3 mentioned above, because one di- 
meric GC3 was proportionally larger compared to one 
monomeric CC17 (Figure 1). 

In addition to the single-component (GC3 or CC17) ad- 
sorption (Figure 3A), the two-component adsorption of 
GC3 and CC17 was examined on RAC. Clearly, due to the 
presence of 4.48 (imol/L CC17 protein, the maximum bind- 
ing capacity of GC3 was decreased to 4.87 ± 0.22 (Figure 3B) 
from 8.64 ± 0.15 (imol per gram of RAC (Figure 3A), sug- 
gesting that both CBM3 and CBM17 competitively bind 
the surface of amorphous cellulose. Similarly, in the pres- 
ence of 1.54 (imol of GC3 per L, the maximum binding 
capacity of CC17 decreased to 3.26 ±0.18 from 11.28 ± 
0.26 (imol per L. The total accessibility of RAC measured 
by using either GC3 or CC17 alone was approximately 365 
cellobiose lattices, very close to the sum of the accessibilities 
measured by GC3 in the presence of CC17 or vice versa. 
This result suggests that CBM3 and CBM17 can both bind 
the same amorphous cellulose surface regions of RAC. 

Enzymatic hydrolysis of Avicel 

Enzymatic hydrolysis of a model heterogeneous micro- 
crystalline cellulose (Avicel) mediated by the fungal 
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Figure 3 Adsorptions of GC3 and CC17 proteins on 0.2 mg/mL 

of RAC in a 100 mM HEPES buffer (pH 7.5) containing 2 M NaCI 

at room temperature. (A) Single-component adsorption of GC3 

and CC17. (B) Two-component adsorption of GC3 in tlie presence 

of 4.48 Mmol/L CCl 7 and of CCl 7 in tine presence of 1 .54 pmoi/L 

GC3. GC3 (■) and CCl 7 (•). All curves were fit with the Langmuir 

isotherms. CCl 7, mono-cherry fluorescent protein linked to a family 

17 carbohydrate-binding module; GC3, green fluorescent protein 

linked to a family 3 carbohydrate-binding module; RAC, regenerated 

amorphous cellulose. 
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Table 1 Maximum adsorption capacities of the GC3 and 
CC17 on RAC and the determination of the beta value for 
CC17 that specifically binds to the amorphous cellulose 
surface 



Protein 


Amax 


TCAC 


Alpiia/beta value 




(Hmol/g RAC) 


(m^/g RAC) 


(cellobiose lattice/protein) 


GC3 


8.64 ±0.1 5 


120 


42.4 


CCl 7 


1 1 .28 ± 0.26 


120 


32.5 



^TCAC = aCAC, because RAC is 100% amorphous cellulose [10]. aCAC, 
amorphous cellulose accessibility to cellulase; CCl 7, mono-cherry fluorescent 
protein linked to a family 17 carbohydrate-binding module; GC3, green fluorescent 
protein linked to a family 3 carbohydrate-binding module; RAC, regenerated 
amorphous cellulose; TCAC, total cellulose accessibility to cellulase. 
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Trichoderma cellulase was conducted with an enzyme 
loading of 15 filter paper units (FPUs) of cellulase and 
30 units of p-glucosidase per gram of Avicel at 50°C 
(Figure 4). Avicel was hydrolyzed rapidly in the first 
4 hours with a cellulose conversion of 32.3% and then 
slowly, achieving a final conversion of 82.3% at hour 72 
(Figure 4A). The normalized hydrolysis rates of Avicel 
decreased rapidly by 84% at the first 2 minutes with 
2.8% conversion; this was followed by a decrease to less 
than 4% of the initial hydrolysis rate in the next 30 mi- 
nutes, where the conversion was 12.8%. For the period 
from hour 4 to 72, it slowly decreased to 1.5% and 0.4% 
of the initial rate, respectively (Figure 5A). Such a dras- 
tic decrease in enzymatic hydrolysis rates could be at- 
tributed to the combined effects of several factors: 1) 
cellulose consumption; 2) enzyme deactivation; 3) product 
inhibition; and 4) the loss in substrate reactivity. With re- 
gard to cellulose consumption, total CAC decreased from 




10 20 30 40 



2e(deg) 

Figure 4 Profiles of enzymatic hydrolysis of Avicel (10 g/L) by 
15 FPU of cellulase and 30 units of |3-glucosidase per gram of 
cellulose in a 50 mM sodium citrate buffer (pH 4.8) at 50°C. 

(A) Changes of cellulose conversion (•), hydrolysis rate (o), reducing 
ends (A), and TCAC (■). (B) X-ray diffraction spectra of intact and 
freeze-dried samples with different hydrolytic conversions. FPU, filter 
paper unit; TCAC, total cellulose accessibility to cellulase. 
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Figure 5 Profiles of enzymatic hydrolysis of Avicel as a function 
of substrate conversion. (A) Changes of SR (•), TCAC (□), and DP 

(♦). (B) Changes of aCAC (o), cCAC (•), and ratio of aCAC to cCAC 
(A). aCAC, amorphous cellulose accessibility to cellulase; cCAC, 
crystalline cellulose accessibility to cellulase; DP, degree of 
polymerization; SR, substrate reactivity; TCAC, total cellulose 
accessibility to cellulase. 

V ) 



7 £7 ± 0.20 to 6.13 ± 0.21 m^/g cellulose at hour 4, and to 
4.43 ± 0.27 m^/g cellulose at hour 72, and reducing ends 
of solid cellulose decreased from 235 to 135 (iM at hour 4 
to 42 (iM at hour 72 (Figure 4A). This data suggests re- 
duced surface area for enzyme adsorption of enzyme bind- 
ing domains and reduced chain ends for hydrolysis by the 
exoglucanase. With regard to enzyme deactivation, it was 
known that commercial cellulase was relatively stable 
under experimental conditions (50°C for several days). 
With regard to product inhibition, the addition of 30 units 
of |3-glucosidase resulted in very low cellobiose levels in 
the supernatant (data not shown), suggesting low bulk 
product inhibition. However, a recent discovery that fast 
substrate channeling occurs along the reactive surface of 
cellulose relative to adjacent microorganisms implies that 
product inhibition in the boundary layer on the surface of 
cellulose may often be underestimated [31]. 
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The CrI of cellulose is widely regarded as a key substrate 
characteristic that affects enzymatic cellulose hydrolysis 
rates based on a wide observation that amorphous cel- 
lulose can be hydrolyzed much faster than crystalline cel- 
lulose [20]. Many techniques, such as X-ray diffraction 
(XRD) [32], cross-polarization magic angle spinning ^^C 
nuclear magnetic resonance (CPMAS ^^C NMR) [33,34], 
and Fourier transform infrared spectroscopy (FTIR) [35], 
have been employed to determine CrI values. CrI values 
can vary greatly depending on measurement techniques, 
calculation approaches, and sample drying conditions 
[10,34]. Meanwhile, CrI represents an average reading of 
the entire cellulose (three-dimensional) property rather 
than an average cellulose surface (two-dimensional) prop- 
erty. In this study, the changes of CrI values at different 
conversions were minimal (Figure 4B). These results sug- 
gested that the CrI was not a sensitive substrate indicator 
of substrate characteristic relating to declined enzymatic 
hydrolysis rates over conversion. 

Substrate reactivity (SR) of cellulose hydrolyzed by cel- 
lulase is an intrinsic characteristic of the solid substrate 
that can be measured based on a hydrolysis rate of a 
fixed concentration of cellulose (10 g/L) hydrolyzed by a 
fixed amount of freshly added cellulase. Therefore, SR 
changes are independent of substrate consumption, en- 
zyme denaturation, and product inhibition. The study of 
the residual cellulose during the enzymatic hydrolysis 
could help understand the root cause of declined hy- 
drolysis rates over conversion (Figure 5). The normalized 
SR declined rapidly to approximately 50% when the sub- 
strate conversion reached approximately 20%, and then 
declined slowly to approximately 30% of the initial rate 
(Figure 5A). In contrast, the TCAC determined based on 
the binding capacity of GC3 gradually decreased from 
7.67 ± 0.20 to 4.43 ± 0.27 m^/g cellulose. During the en- 
tire hydrolysis process, the DP of residual cellulose was 
nearly constant (Figure 5A), suggesting the typical layer- 
by-layer hydrolysis mechanism. If enzymes were able to 
penetrate throughout the heterogeneous substrate, the 
core chains of the cellulose would have a lower DP, as 
occurs to the hydrolysis of amorphous cellulose [24] . 

To further investigate changes of CACs, including 
amorphous CAC (aCAC) and crystalline CAC (cCAC), 
the surface of amorphous cellulose was determined 
based on the maximum capacity of CC17 (Figure 5B). 
aCAC decreased rapidly from 0.320 ± 0.012 to 0.065 ± 
0.012 m^/g cellulose at the conversion of 2.8%, then 
slowly increased to approximately 0.17 m^/g cellulose 
at the conversion of 24.4%, and then leveled off around 
0.13 m^/g cellulose until the conversion reached 83.2%. 
The cCAC value remained nearly constant at the first 
conversion of 2.8%, being 7.40 m^/g cellulose, and 
then decreased gradually to 6.03 ± 0.32 and 4.29 ± 0.31 
m^/g cellulose at the conversion of 24.4% and 83.2%, 



respectively. As a result, the ratio of aCAC to cCAC de- 
creased rapidly from 0.043 ± 0.001 to 0.0087 ± 0.001 at 
the very early beginning of hydrolysis, and then in- 
creased slowly to 0.032 ± 0.007 at the conversion of 
83.2%. 

New insights about enzymatic hydrolysis of Avicel 
were reported by using two CBM systems. First, aCAC 
in Avicel accounted for a small fraction of the entire 
CAC (5%) although amorphous cellulose contents deter- 
mined were approximately 30 to 45% by XRD or ^^C 
NMR [10]. This surprising difference between CrI and 
aCAC/TCAC suggested that most amorphous cellulose 
fragments were embedded inside the cellulose fibers, 
which cannot be accessed by large-sized protein mole- 
cules (for example, CC17 and cellulases). This structure 
may occur as microfibrils coalesce together during acid 
hydrolysis, as the size of isolated nanocystalline cellulose 
is always reported to be larger than native cellulose mi- 
crofibrils in wood. The result of nearly no change in DP 
during the entire conversion (Figure 5A) also suggested 
the layer-by-layer hydrolysis; both amorphous and crystal- 
line surface are peeled nearly simultaneously by the syner- 
getic action of endoglucanase and exoglucanase, which 
was partially supported by no change of CrI (Figure 4B). 
Second, a small fraction of amorphous cellulose fragments 
within intact Avicel was highly accessible by CC17 or cel- 
lulase. The initial fast decrease in cellulose hydrolysis rates 
during the first several minutes (that is, before the conver- 
sion of 2.8%) was attributed to preferential hydrolysis of 
this kind of amorphous cellulose. A similar observation 
pertaining to rapid decreases in hydrolysis rates within a 
short time was reported previously [36]. Our study sug- 
gested that this decrease in reaction rate was attributed to 
the fast consumption of the accessible amorphous cellu- 
lose region, which was measured by the adsorption of 
CC17 (Figure 5B). Third, the increased aCAC to cCAC ra- 
tio after the initial hydrolysis period could be attributed to 
amorphogenesis mediated by cellulases or other non- 
hydrolytic proteins [5,9]. 

The use of CrI representing digestibility of cellulosic 
materials may be a misleading concept because: 1) it 
represents a mass-average property of cellulose rather 
than a surface- average property which was strongly cor- 
related with enzymatic hydrolysis; and 2) CrI values 
could vary greatly depending on measurement tech- 
niques, calculation approaches, and sample drying con- 
ditions. Furthermore, our data pertaining to the changes 
of cCAC and aCAC clearly suggested that during the 
whole hydrolysis period a significant fraction of amorph- 
ous cellulose was hydrolyzed simultaneously with crys- 
talline cellulose rather than preferential hydrolysis of 
amorphous cellulose as hypothesized long before. As a 
result, there were no significant changes in CrI value, 
supported by previous results [25-28]. In interpreting 
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crystallinity data, and indeed data for all cellulose phys- 
ical properties, care must be taken to distinguish correl- 
ation from cause and effect. For example, several 
biomass treatments that not only decrease CrI also in- 
crease surface area, and it has been suggested that the 
increased hydrolysis rates observed with substrates aris- 
ing from such treatments may be due to increasing ad- 
sorptive capacity rather than changes in CrI [37,38]. In 
summary, we concluded that accessibility of cellulose to 
cellulase was far more important than CrI in determin- 
ing the hydrolysis rate. 

Conclusions 

In conclusion, a non-hydrolytic fusion protein contain- 
ing a mono-CFP and a CBM17 was used to quantita- 
tively determine the amorphous cellulose surface area. 
Our results suggested that: 1) most amorphous cellulose 
inside Avicel particles cannot be accessed by cellulase; 2) 
easily accessible amorphous cellulose on the surface of 
Avicel is preferentially hydrolyzed at the very early 
period of hydrolysis (that is, several minutes with a cel- 
lulose conversion of 2.8%); and 3) further hydrolysis of 
Avicel is a layer-by-layer hydrolysis process, that is, 
amorphous and crystalline celluloses were hydrolyzed 
simultaneously. 

Methods 

Chemicals and strains 

All chemicals were reagent grade, purchased from Sigma- 
Aldrich (St Louis, MO, USA) and Fisher Scientific (Pitts- 
burg, PA, USA), unless otherwise noted. Microcrystalline 
cellulose, Avicel PH105 (20 (im), was obtained from 
FMC (Philadelphia, PA, USA). The Trichoderma cellulase 
(Novozym® 50013) and |3-glucosidase (Novozyme® 50010) 
were donated by Novozymes North America (Franklinton, 
NC, USA). They had activities of 84 FPU per mL and 270 
units of p-glucosidase per mL, respectively. RAC was 
prepared through Avicel dissolution in concentrated 
phosphoric acid, followed by regeneration in water as 
described elsewhere [39]. E. coli TOP 10 from Invitrogen 
(Carlsbad, CA, USA) was used as a host cell for all DNA 
manipulations. The Invitrogen E. coli BL21 Star (DE3) 
was used for recombinant protein expression. The 
Luria-Bertani (LB) medium was used for all E, coli 
growth with 100 (ig/mL final concentration of ampicil- 
lin when necessary. 

Construction of plasmid 

The 706 -bp DNA sequence encoding mCherry fluorescent 
protein was amplified with a pair of primers (IF: TTAAC 
TTTAA GAAGGAGATA TACAT ATGGT GAGCA 
AGGGC GAGGA GGATA; IR: CAGTTCATTA TCTGC 
CCACA GCTTA TCAGA ACCTG GCTTG) using the 
NEB Phusion polymerase based on plasmid pmCherry 



from Clontech Laboratories Inc. (Mountain View, CA, 
USA). The linear pET20b vector backbone containing the 
gene of a CBM17 was amplified with a pair of primers 
(VF: CAAGC CAGGT TCTGA TAAGCTGTGG GCAGA 
TAATG AACTG; VR: TATCC TCCTC GCCCT TGCTC 
ACCATATGTA TATCT CCTTC TTAAA GTTAA) using 
the NEB Phusion polymerase based on plasmid pET20b 
from Novagen (Darmstadt, Germany). The insertion DNA 
and vector backbone were assembled into DNA multimers 
by prolonged overlap extension PCR as described else- 
where [40]. The PCR product DNA multimers were trans- 
ferred to £. coli TOPIO, yielding plasmid pET20b- 
mCherry-CBM17 (Figure IB). 

Preparation of recombinant GC3 and CC17 

The recombinant proteins were produced by E, coli BL21 
harboring the protein expression plasmid. The GC3 fusion 
protein containing a GFP and CBM3 (Figure lA) was pro- 
duced and purified as described elsewhere [6]. Briefly, after 
isopropyl-p-D-thiogalactopyranoside (IPTG) induction, 
the GC3 was adsorbed by RAC and then desorbed with 
ethylene glycol (EG). EG was then removed using mem- 
brane dialysis in a 10 mM HEPES buffer (pH 7.5), and the 
GC3 solution was freeze-dried overnight. The CC17 fu- 
sion protein was produced by E, coli BL21 Star (DE3) har- 
boring pET20b-mCherry-CBM17 plasmid. In a 1-L flask 
containing 200 mL of the LB medium, E. coli BL21 Star 
(DE3) was cultured at 37°C. The inducer IPTG (0.1 mM) 
was added until the absorbency reached 0.6 to 0.8, and 
then the culture temperature was decreased to 18°C over- 
night. The cell pellets after centrifugation were suspended 
in 50 mL of 100 mM HEPES buffer (pH 7.5), and then 
lysed by the Fisher Scientific sonic dismembrator (Model 
500) at a 60% maximum strength for 90 seconds. The cell 
lysate was centrifuged at 14,000^ for 20 minutes. The 
CC17 protein with a His tag was purified using the Nickel 
resin column (Bio-Rad, Hercules, CA, USA). The bound 
protein of CC17 on the resin was eluted by 150 mM imid- 
azole. Imidazole was removed by dialysis in a 10 mM 
HEPES buffer (pH 7.5) and the CC17 solution was freeze- 
dried overnight. 

Enzymatic hydrolysis of Avicel 

Enzymatic cellulose hydrolysis was conducted in a 1-L 
flask containing 400 mL of 10 g Avicel/L in 50 mM citrate 
buffer (pH 4.8) with a rotary rate of 200 rpm and 50°C. 
The enzyme loadings were 15 FPU of cellulase and 30 
units of |3-glucosidase per gram of Avicel. The hydrolysate 
samples were withdrawn and stopped by mixing with 
10 M NaOH at a ratio of 20 (iL alkali per mL of the hy- 
drolysis slurry [8]. After centrifugation, the soluble sugars 
in the supernatant were measured by the phenol- sulfuric 
acid method [24]. The alkalinized solid cellulose pellets 
were suspended into 1% SDS (final concentration) solution 
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and incubated at 80°C for 15 minutes. After centrifugation, 
the pellets were suspended and washed three times by 
both 75% (v/v) ethanol and distilled water [8]. The 
complete removal of adsorbed cellulase from the surface 
of cellulose was confirmed by the Lowry assay [41]. The 
residual cellulose samples were suspended to a 10 g cellu- 
lose/L in a 50 mM citrate buffer (pH 4.8) for the assay of 
SR and a 10 or 50 g/L cellulose in a 100 mM HEPES buf- 
fer, 2 M NaCl (pH 7.5) for the adsorption of GC3 or 
CC17, respectively. The concentration of total glucose 
equivalent in solid cellulose was measured by the phenol- 
sulfuric acid method [24]. The relationship between sol- 
uble sugars (g/L) versus hydrolysis time (hour) was fitted 
by CurveExpert (version 1.38). Hydrolysis rates at various 
times were calculated at the time t + 10 minutes minus 
sugar produced at the time t. After careful removal of the 
adsorbed cellulase on the surface of cellulose (see the de- 
scription above), characteristics of the remaining cellulosic 
pellets, that is, SR, DP, and CAC, were measured. SR was 
determined at the conditions: 10 g cellulose/L in the 
50 mM citrate buffer (pH 4.8), enzyme loadings of 15 FPU 
of cellulase and 30 units of |3-glucosidase per gram of cel- 
lulose, and 50°C. Initial hydrolysis rate at the first 10 mi- 
nutes based on the released total soluble sugar (glucose 
equivalent) was used to represent SR. 

Single-component adsorption of GC3 and CC17 and 
calculation of cellulase accessibilities 

The adsorption of GC3 and CC17 on cellulose was con- 
ducted in 200 [iL of the solution in a 100 mM HEPES buf- 
fer (pH 7.5) containing 2 M NaCl at room temperature. 
The concentration of Avicel was 10 g/L and 50 g/L for the 
GC3 and CC17 adsorption, respectively. After adsorption 
equilibrium was achieved (approximately 30 minutes), 
followed by centrifugation, the free protein molar concen- 
trations of GC3 and CC17 were measured based on their 
fluorescence readings by the BioTek multi- detection mi- 
croplate reader (Winooski, VT, USA). The GC3 and CC17 
had the excitation of 485 and 590 nm and the emission of 
528 and 645 nm, respectively. The extinction coefficients 
of GC3 and CC17 were 53,890 and 34,260 M"^ cm ^ re- 
spectively. The concentration of proteins was determined 
by reference to their respective standard curves. 

The TCAC in terms of m^ per gram cellulose was de- 
termined on the basis of the maximum adsorption cap- 
acity {A^^) of the GC3 protein based on the Langmuir 
isotherm [6,8]: 

TCAC = a * Ag^ Na ^ Ag2 (1) 

where a was the number of cellobiose lattices occupied by 
GC3 (that is, a = 42.4), {A^^) = the maximum GC3 ad- 
sorption capacity (mol of GC3/g cellulose), Na = Avogadro s 
constant (6.023 x 10^^ molecules/mol), and Ag2 = area of 



the cellobiose lattice in the 110 face (0.53 x 1.04 nm = 
5.512 X 10"^^ m^). 

aCAC in terms of m^ per gram cellulose was deter- 
mined based on the maximum adsorption capacity 
{^^maJ) of the CC17 protein: 

aCAC = p * A^^J^ * Na * Ag2 (2) 

where ^ was the number of cellobiose lattices occupied 
by CC17 (that is, ^ = 32.5) and (A^^f ) = the maximum 
CC17 adsorption capacity (mol of CC17/g cellulose). 

cCAC in terms of m^ per gram cellulose was calcu- 
lated as TCAC minus aCAC. 

Two-component adsorption on RAC 

Two-component adsorption of GC3 and CC17 on RAC 
was examined on 0.2 g/L RAC in a 100 mM HEPES buffer 
(pH 7.5) containing 2 M NaCl at room temperature. When 
CC17 was 4.48 (imol/L (that is, approximately 40% of its 
maximum adsorption capacity), a GC3 concentration was 
adjusted from 0.25 to 10 (imol/L, a mixture of GC3 and 
CC17 was mixed with 0.2 g/L RAC. After 1 hour of adsorp- 
tion, the non-bound GC3 in the supernatant was measured 
based on its fluorescence. Another two-component adsorp- 
tion experiment was conducted when GC3 concentration 
was fixed to be 1.54 (imol/L GC3 (that is, approximately 
70% of its maximum adsorption capacity) and CC17 con- 
centration was adjusted from 0.3 to 10 (imol/L. When ad- 
sorption reached equilibrium at room temperature, the 
non-bound GC was measured based on its fluorescence. 

Other assays 

The purity of purified proteins was examined by 12% 
SDS-PAGE. The number-average DP of cellulose was 
calculated by the ratio of glucosyl monomer concentra- 
tion (determined by the phenol- sulfuric acid method) 
divided by the reducing-end concentration (determined 
by the modified bicinchoninic acid (BCA) method) [24]. 
X-ray diffractograms of aU freeze-dried samples were 
measured using a Bruker D8 Discover X-ray diffractom- 
eter (Madison, WI, USA) with the scanning rate of 47min, 
ranging from 10° to 50° [10]. 
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CBM: Carbohydrate-binding module; CBIVIS: Family 3 carbohydrate-binding 
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PGR: Polymerase chain reaction; RAC: Regenerated amorphous cellulose; 



Gao et at. Biotechnology for Biofuels 2014, 7:24 
http://www.biotechnologyforbiofuels.conn/content/7/1/24 



Page 9 of 10 



SR: Substrate reactivity; TCAC; Total cellulose accessibility to cellulase; XRD; 
X-ray diffractior^. 

Competing interests 

The authors declare that they have no competir^g interests. 
Authors' contributions 

SG carried out the protein purification, protein adsorption, enzymatic 
hydrolysis, and substrate characterization, and drafted the manuscript. CY 
carried out experiments including the construction of plasmid for CC17 
expression, interpreted CC17 denaturation, and drafted the manuscript. SR 
helped to measure CrI, interpreted CrI data, and revised the manuscript. JB 
helped to design the experiment and write the draft manuscript. YPZ 
conceived of the study, participated in its design and coordination, and 
helped to draft and revise the manuscript. All authors read and approved 
the final manuscript. 

Acknowledgment 

This work was supported by the Open Funding Project of the State Key 
Laboratory of Bioreactor Engineering of China (2060204) and the Biological 
Systems Engineering of Virginia Tech (USA) to PZ. SG was partially funded by 
the China Scholarship Council. Additionally, the work was supported in part 
by the United States Department of Agriculture (USDA) National Institute of 
Food and Agriculture (NIFA) National Research Initiative (NRI) competitive 
grants program (grant number: 2010-65504-20429). 

Author details 

^School of Biotechnology, State Key Laboratory of Bioreactor Engineering, 
East China University of Science and Technology, Shanghai 200237, China. 
^Biological Systems Engineering Department, Virginia Tech, 304-A Seitz Hall, 
Blacksburg, VA 24061, USA. ^Sustainable Biomaterials Department, Virginia 
Tech, 230 Cheatham Hall, Blacksburg, VA 24061, USA. ^Cell-Free 
Bioinnovations Inc., 2200 Kraft Drive, Suite 1200B, Blacksburg, VA 24060, USA. 
^Gate Fuels Inc., Blacksburg, VA 24060, USA. 

Received: 21 October 2013 Accepted: 7 February 2014 
Published: 19 February 2014 

References 

1. Zhang Y-HP: Next generation biorefineries will solve the food, biofuels, 
and environmental trilemma in the energy-food-water nexus. Energy Sci 
Eng 2013, 1:27-41. 

2. Lynd LR, Weimer PJ, van Zyl WH, Pretorius IS: Microbial cellulose 
utilization: fundamentals and biotechnology. Microbiol Mol Biol Rev 2002, 
66:506-577. 

3. Ding S-Y, Liu Y-S, Zeng Y, Himmel ME, Baker JO, Bayer EA: How does plant 
cell wall nanoscale architecture correlate with enzymatic digestibility? 
Science 2012, 338(61 10):1 055-1 060. 

4. Mansfield SD, Mooney C, Saddler JN: Substrates and enzyme 
characteristics that limit cellulose hydrolysis. Biotechnol Prog 1999, 
15:804-816. 

5. Zhang Y-HP, Lynd LR: Toward an aggregated understanding of enzymatic 
hydrolysis of cellulose: noncomplexed cellulase systems. Biotechnol 
Bioeng 2004, 88:797-824. 

6. Rollin JA, Zhu Z, Sathisuksanoh N, Zhang Y-HP: Increasing cellulose accessibility 
is more important than removing lignin: a comparison of cellulose solvent- 
based lignocellulose fractionation and soaking in aqueous ammonia. 
Biotechnol Bioeng 201 1, 108(l):22-30. 

7. Wang QQ, He Z, Zhu Z, Zhang Y-HP, Ni Y, Luo XL, Zhu JY: Evaluations of 
cellulose accessibilities of lignocelluloses by solute exclusion and protein 
adsorption techniques. Biotechnol Bioeng 2012, 109:381-389. 

8. Hong J, Ye X, Zhang Y-HP: Quantitative determination of cellulose 
accessibility to cellulase based on adsorption of a nonhydrolytic fusion 
protein containing CBM and GFP with its applications. Longmuir 2007, 
23(25):1 2535-1 2540. 

9. Arantes V, Saddler J: Access to cellulose limits the efficiency of enzymatic 
hydrolysis: the role of amorphogenesis. Biotechnol Biofuels 2010, 3:4. 

10. Sathitsuksanoh N, Zhu ZG, Wi S, Zhang Y-HP: Cellulose solvent-based 
biomass pretreatment breaks highly ordered hydrogen bonds in 
cellulose fibers of switchgrass. Biotechnol Bioeng 201 1, 108:521-529. 



1 1 . Araki Y, Karita S, Tsuchiya T Kondo M, Goto M: Family 1 7 and 28 
carbohydrate-binding modules discriminated different cell-wall sites in 
sweet potato roots. Biosci Biotechnol Biochem 2010, 74(4):802-805. 

12. Ding SY, Xu Q, All MK, Baker JO, Bayer EA, Barak Y Lamed R, Sugiyama J, 
Rumbles G, Himmel ME: Versatile derivatives of carbohydrate-binding 
modules for imaging of complex carbohydrates approaching the 
molecular level of resolution. Biotechniques 2006, 41(4):435-440. 

13. Zhang Y-HP, Lynd LR: A functionally-based model for hydrolysis of 
cellulose by fungal cellulase. Biotechnol Bioeng 2006, 94:888-898. 

14. Levine SE, Fox JM, Clark DS, Blanch HW: A mechanistic model for rational 
design of optimal cellulase mixtures. Biotechnol Bioeng 201 1, 

108(1 1):2561 -2570. 

15. Guillen D, Sanchez S, Rodriguez-Sanoja R: Carbohydrate-binding domains: 
multiplicity of biological roles. AppI Microbiol Biotechnol 2010, 

85(5):1 241 -1249. 

16. Notenboom V, Boraston AB, Chiu P, Freelove AC, Kilburn DG, Rose DR: 
Recognition of cello-oligosaccharides by a family 17 carbohydrate- 
binding module: an X-ray crystallographic, thermodynamic and 
mutagenic study. J Mol Biol 2001, 314:797-806. 

1 7. Boraston AB, Chiu P, Warren RAJ, Kilburn DG: Specificity and affinity of 
substrate binding by a family 17 carbohydrate-binding module from 
Clostridium cellulovorans cellulase 5A. Biochemistry 2000, 39(36):1 1 129-1 1 136. 

18. Boraston AB, Bolam DN, Gilbert HJ, Davies GJ: Carbohydrate-binding 
modules: fine-tuning polysaccharide recognition. Biochenn J 2004, 
382(3):769-781. 

1 9. Ye X, Zhu Z, Zhang C, Zhang Y-HP: Fusion of a family 9 cellulose-binding 
module improves catalytic potential of Clostridium thermocellum cellodextrin 
phosphorylase on insoluble cellulose. AppI Microbiol Biotechnol 201 1, 

92:551-560. 

20. Liao HH, Zhang XZ, Rollin JA, Zhang Y-HP: A minimal set of bacterial 
cellulases for consolidated bioprocessing of lignocellulose. Biotechnol J 
2011,6(11):1409-1418. 

21. You C, Zhang X-Z, Zhang YHP: Mini-scaffoldin enhanced mini-cellulosome 
hydrolysis performance on low-accessibility cellulose (Avicel) more than 
on high-accessibility amorphous cellulose. Biochem Eng J 2012, 63:57-65. 

22. Ganner T, Bubner P, Eibinger M, Mayrhofer C, Plank H, Nidetzky B: 
Dissecting and reconstructing synergism: in situ visualization of 
cooperativity among cellulases. J Biol Chem 2012, 287(52):4321 5-43222. 

23. Ramos LP, Nazhad MM, Saddler JN: Effect of enzymatic hydrolysis on the 
morphology and fine structure of pretreated cellulosic residues. Enzyme 
Microb Technol 1994, 15:821-831. 

24. Zhang Y-HP, Lynd LR: Determination of the number-average degree of 
polymerization of cellodextrins and cellulose with application to 
enzymatic hydrolysis. Biomacromolecules 2005, 6:1510-1515. 

25. Yu Z, Jameel H, Chang H-M, Philips R, Park S: Evaluation of the factors 
affecting avicel reactivity using multi-stage enzymatic hydrolysis. 
Biotechnol Bioeng 2012, 109:1 131-1 139. 

26. Ohmine K, Ooshima H, Harano Y: Kinetic study of enzymatic hydrolysis of 
cellulose by cellulase from Trichoderma viride. Biotechnol Bioeng 1983, 
25:2041-2053. 

27. Lenze J, Esterbauer H, Sattler W, Schurz J, Wrentschur E: Changes of 
structure and morphology of regenerated cellulose caused by acid and 
enzymatic hydrolysis. J AppI Polym Sci 1 990, 41 :1 31 5-1 326. 

28. Puis J, Wood TM: The degradation pattern of cellulose by extracellular 
cellulases of aerobic and anaerobic microorganisms. Biores Technol 1991, 
36:15-19. 

29. Xu Q, Tucker M, Arenkiel P, Ai X, Rumbles G, Sugiyama J, Himmel M, Ding S-Y 
Labeling the planar face of crystalline cellulose using quantum dots directed 
by type-l carbohydrate-binding modules. Cellulose 2009, 1 6(1 ):1 9-26. 

30. Levine SE, Fox JM, Blanch HW, Clark DS: A mechanistic model of the 
enzymatic hydrolysis of cellulose. Biotechnol Bioeng 2010, 10:37-51. 

31 . You C, Zhang X-Z, Sathitsuksanoh N, Lynd LR, Zhang Y-HP: Enhanced microbial 
cellulose utilization of recalcitrant cellulose by an ex vivo cellulosome-microbe 
complex. AppI Environ Microbiol 201 2, 78(5):1 437-1 444. 

32. Teeaar R, Serimaa R, Paakkarl T: Crystallinity of cellulose, as determined by 
CP/MAS NMR and XRD methods. Polym Bull 1987, 17(3):231-237. 

33. Newman R: Estimation of the lateral dimensions of cellulose crystallites using 
13C NMR signal strengths. Solid State NucI Magn Reson 1999, 15(l):21-29. 

34. Park S, Johnson D, Ishizawa C, Parilla P, Davis M: Measuring the crystallinity 
index of cellulose by solid state 13C nuclear magnetic resonance. 
Cellulose 2009, 16(4):64 1-647. 



Gao et at. Biotechnology for Biofuels 2014, 7:24 
http://www.biotechnologyforbiofuels.conn/content/7/1/24 



Page 10 of 10 



35. Oh S, Yoo D, Shin Y, Seo G: FTIR analysis of cellulose treated with sodium 
hydroxide and carbon dioxide. Carbohydr Res 2005, 340(3):41 7-428. 

36. Valjamae P, Sild V, Pettersson G, Johansson G: The initial kinetics of 
hydrolysis by cellobiohydrolases I and II is consistent with a cellulose 
surface-erosion model. Eur J Biochem 1 998, 253:469-475. 

37. Howell JA, Stuck JD: Kinetics of solka floe cellulose hydrolysis by 
Trichoderma viride cellulase. Biotechnol Bioeng 1975, 17:873-893. 

38. Lee Y-H, Fan LT: Kinetic studies of enzymatic hydrolysis of insoluble 
cellulose: analysis of the initial rates. Biotechnol Bioeng 1982, 
24:2383-2406. 

39. Zhang Y-HP, Cui J, Lynd LR, Kuang LR: A transition from cellulose swelling 
to cellulose dissolution by o-phosphoric acid: evidence from enzymatic 
hydrolysis and supramolecular structure. Bionnocronnolecules 2006, 
7(2):644-648. 

40. You C, Zhang X-Z, Zhang Y-HP: Simple Cloning via direct transformation 
of PCR product (DNA multimer) to Escherichia coii and Bacillus subtilis. 

AppI Environ Microbiol 2012, 78:1593-1595. 

41. Lowry 0, Rosebrough NJ, Farr AL, Randall RJ: Protein measurement with 
the Folin phenol regent. J Biol Chem 1951, 193:265-275. 



doi:1 0.1 1 86/1 754-6834-7-24 

Cite this article as: Gao et al.: New insights into enzymatic hydrolysis of 
heterogeneous cellulose by using carbohydrate-binding module 3 
containing GFP and carbohydrate-binding module 17 containing CFP. 

Biotechnology for Biofuels 2014 7:24. 



Submit your next manuscript to BioMed Central 
and take full advantage of: 

• Convenient online submission 

• Thorough peer review 

• No space constraints or color figure charges 

• Immediate publication on acceptance 

• Inclusion in PubMed, CAS, Scopus and Google Scholar 

• Research which is freely available for redistribution 



Submit your manuscript at /^\ Ri^nHod rpntral 

www.biomedcentral.com/submit momea L.enTrai 



